Bacteroides succinogenes is one of the major cellulolytic bacteria in the rumina of cattle and sheep. Hungate isolated the first representative of this organism and established the species to include anaerobic, cellulolytic, gram-negative rods which inhabit rumina and produce primarily succinic and acetic acids (15) ; the original isolates are no longer extant. Strains of Bacteroides succinogenes have also been isolated from rat (27) and pig (40) ceca. Bacteria believed to be similar to Bacteroides succinogenes have been observed in, or isolated from, gut contents of horses (lo), mice (4), voles (21) , langur monkeys (l), quokkas (a marsupial) (B), and several African ruminants (16) .
The genus Bacteroides has classically been defined on the basis of following very broad criteria: "all anaerobic, gramnegative, nonmotile or peritrichous , nonsporeforming rods that do not produce butyric acid from the fermentation of carbohydrates" (9) . This broad definition has led to the accumulation in the genus of many organisms which are not necessarily closely related to each other. Accordingly, there have been proposals to apply more stringent criteria to the definition of the genus Bacteroides, although none has been formally adopted. It has been proposed that the genus should not include organisms which do not contain sphingolipids (13) or large amounts of branched long-chain fatty acids (35) or both; these criteria would exclude Bacteroides succinogenes (26, 35) .
Recently, it has become possible to determine the phylogenetic relatedness among various organisms, obviating complete reliance on phenotypic characteristics of uncertain significance for classification of bacteria. To date, the most informative methods are the comparative sequencing and oligonucleotide cataloging of 16s ribosomal ribonucleic acids (rRNAs). The latter technique has revealed that organisms previously classified as Bacteroides amylophilus and Bacteroides succinogenes are not closely related to other Bacteroides species (31) . Bacteroides amylophilus is affiliated with the purple bacteria, a diverse eubacterial phylum * Corresponding author.
that includes the enteric bacteria and the pseudomonads (25) , and has been renamed Ruminobacter amylophilus (36) .
In this paper, we propose that a new genus, Fibrobacter, be created for organisms previously classified as Bacteroides succinogenes. Furthermore, we present evidence that this genus includes two species, Fibrobacter succinogenes and Fibrobacter intestinalis, which are phylogenetically distinct despite phenotypic similarities.
(The results were reported at the XVIII Conference on Rumen Function, Chicago, Ill., November, 1987.)
MATERIALS AND METHODS Bacterial strains. Strains of Bacteroides succinogenes
were obtained from the following sources: S85= (= ATCC 19169T) (T = type strain), M. P. Bryant, University of Illinois, Urbana-Champaign; A3c, B. A. Dehority, Ohio State University, Wooster; REH9-1 (= ATCC 43857), R. E. Hungate, University of California, Davis; C-1-A, V. H. Varel, United States Department of Agriculture Meat Animal Research Center, Clay Center, Nebr. Strain NR9T (= ATCC 43854T) was isolated from rat cecal contents (27). Strain HM2T (= ATCC 43856T) was isolated from ovine ruminal contents, and strain DR7 (= ATCC 43855) was isolated from porcine cecal contents (Montgomery, unpublished data) .
Cultural and analytical techniques. For 16s rRNA sequencing, cells were grown at 37°C in 2XAB broth (27) with cellobiose as the substrate. The culture supernatant of strain C-1-A was assayed for ethanol by using alcohol dehydrogenase (Sigma Chemical Co., St. Louis, Mo.); the culture was grown in cellulose broth with nonessential volatile fatty acids omitted (27) but with rumen fluid added (final concentration, 5%).
Sequencing of 16s rRNA. The total nucleic acids were extracted from ca. 200 mg of cells with hot phenol and were precipitated from the aqueous phase with ethanol (30) . Nucleotide sequences were determined by the dideoxynucleotide method, using reverse transcriptase and the 16s rRNA as the template (22) . From 834 to 1,000 nucleotides of sequence were determined for each strain by using three Sequence analysis. Sequence similarities and evolutionary distances were determined as previously described (29) . Alignment gaps (insertions or deletions) were assigned onehalf the value of a nucleotide difference. Deletions of five or more consecutive nucleotides were treated as five gaps.
All painvise evolutionary distances were used to construct and evaluate phylogenetic trees. The final branching order was arrived at by an iterative program that systematically tested alternative topologies and computed branch lengths that minimized error (29) (see the legend to Fig. 1 ). Error was defined as the sum of the squares of the differences between the painvise evolutionary distances and the corresponding distances represented in the tree. Each difference was weighted by the corresponding statistical uncertainty of the distance estimate (29) .
RESULTS AND DISCUSSION
The 16s rRNA sequences of six strains previously identified as Bacteroides succinogenes were compared with the sequences of more than 100 other strains representing most of the major eubacterial phyla (see reference 44). Examples of sequence similarities and evolutionary distances between Bacteroides succinogenes and certain other organisms are given in Tables 1 and 2 ; the species chosen for comparison represent the major phyla (Fig. l) , and no closer relatives of Bacteroides succinogenes have been found. The Bacteroides succinogenes isolates form a phylogenetically coherent group that is only distantly related to the other species included in this analysis. The sequences of the organisms used in this comparison have been compared previously with the sequences of the many hundreds of organisms, representing all of the major phyla, for which partial or complete 16s rRNA sequences have been determined (see reference 44); by extension, the sequences of the Bacteroides succinogenes strains have been compared with the sequences of the other organisms. Therefore, we conclude that Bacteroides succinogenes is not closely related to any organism for which 16s rRNA sequence data are available, confirming the low levels of relatedness between Bacteroides succinogenes and other organisms, as previously inferred for strain S85T on the basis of 16s rRNA cataloging data (31) .
The sequence similarity between Bacteroides succinogenes and previously characterized organisms is comparable to the similarity usually considered to separate phyla (44) . Thus, Bacteroides succinogenes is not sufficiently related to Bacteroides fragilis (the type species) to remain in the genus Bacteroides. The ability of some strains of Bacteroides succinogenes to migrate through agar, in addition to morphological characteristics, led Hungate to suggest that this species may be more closely related to the cytophagae than to Bacteroides (15, 17) . Ironically, analysis of 16s rRNA sequences revealed that the true Bacteroides are related to the cytophagae (31, 42) , whereas Bacteroides succinogenes is not closely related to either taxon.
The evolutionary distance between Bacteroides succinogenes and other organisms makes it advisable to form one or more new genera to reflect the phylogenetic relationships. The division between ruminal and cecal isolates of Bacteroides succinogenes (average evolutionary distance, 0.089) is similar to the division between Arthrobacter globiformis and Mycobacterium JEavescens (ca. 0.095) and deeper than the division between Escherichia coli and Proteus vulgaris (ca. 0.078) ( Table 2 ). This suggests that these groups could reasonably be considered to represent different genera. However, as discussed below, there are few phenotypic characteristics which are practical for differentiating these groups. Therefore, we propose that these strains be considered members of a single genus. We suggest the name Fibrobacter to reflect the specialization of these bacteria for digestion of plant fiber components, such as cellulose and hemicellulose.
Based on the substantial divergence in 16s rRNA sequences between the ruminal and cecal isolates (92% similarity in the partial-sequence analysis [ Table l ]), which is reflected in the depth of branching in the inferred phylogenetic tree (Fig. l) , these groups constitute distinct species within the genus Fibrobacter. We do not propose absolute values for 16s rRNA sequence similarity which would serve as absolute and objective cutoffs for defining species or The species containing strain S85T (8), as well as the other ruminal isolates, is named Fibrobacter succinogenes. We propose that the species containing the cecal isolates be named Fibrobacter intestinalis, based on the original site of isolation (27) ; the type strain is strain NR9, the first cecal isolate described (27).
The lack of relatedness between Fibrobacter spp. and Bacteroides suggests that these organisms would not be in the same family if phylogenetic criteria were applied. In fact, current evidence (see above) suggests that Fibrobacter may represent a distinct phylum (45), no other members of which have been phylogenetically characterized yet. However, there is as yet no consensus as to what level of relatedness should be used to delimit familial associations. In addition, it may be undesirable to create a new family containing only one genus. Therefore, the genus Fibrobacter is placed in the Bacteroidaceae (28), although it is likely that a phylogenet- ically coherent family will be formed in the future to contain Fibrobacter and any close relatives that may be identified. Phenotypic characteristics. Phenotypic characteristics of representative isolates of Fibrobacter spp. are summarized in Table 3 . The strains vary in site of isolation, morphology, deoxyribonucleic acid base composition, vitamin requirements, and range of energy sources fermented. In addition to the energy sources listed in Table 3 , a few strains ferment trehalose, maltose, or starch (5, 15, 40) . Apparent fermentation of pentoses by strain S S T has been reported (43); this is the only report of pentose fermentation by this or any other strain. Strain S85T was originally reported to produce acid from pectin (5); this may have been due to methylesterase activity, as pectin ferrpentation by this strain was not detected in other studies (8, 12, 27) . One porcine Fibrobacter isolate was reported to produce small amounts of ethanol (40), which is unusual for this group; however, in our laboratory this strain did not produce a detectable amount of ethanol during fermentation of cellulose. Formate production has often been reported; because the amounts produced are near the limits of detection of common assays, it is possible that formate production by other strains has gone undetected.
Although there is substantial phenotypic variation among Fibrobacter isolates, phenotypic characteristics have not been useful in deducing relationships among various isolates within the genus. Until now, it was not clear whether any of these variable characteristics reflected the existence of distinct subgroups within this group. The requirement of Fibrobacter succinogenes for biotin is the only characteristic known to differentiate this species from Fibrobacter intestinalis. The site of isolation is probably not a reliable characteristic to distinguish the species, as we obtained evidence for the presence of Fibrobacter intestinalis in rumen contents by using an oligonucleotide probe specific for a unique sequence in the 16s rRNA (37) . It is also quite likely that cells of Fibrobacter succinogenes are carried from the rumen to the large intestine by digesta flow and may inhabit that area in ruminants.
The most striking variation among strains is in morphology. The cells of the original isolate (15) and many subsequent isolates are slender rods (27, 39, 40) , whereas the cells of other isolates, including strain WT, range from thicker rods to pleomorphic coccoid cells (5, 39). Strains with each type of morphology are represented within Fibrobacter succinogenes. We suggest that those isolates with highly pleornorphic, often coccoid, cells, such as strains S85T and A3c, belong to Fibrobacter succinogenes subsp. succinogenes, whereas the isolates with slender rod-shaped cells, such as strains HM2T and REH9-1, belong to Fibrobacter succinogenes subsp. elongata. The strains of the former subspecies examined to date constitute a more closely related assemblage than the strains of the latter subspecies (Fig. 1) .
The difference in morphology between the subspecies is not due to cultural conditions, as it occurs when various strains are grown under identical conditions (27) . The rods seem to be better able to clear cellulose in agar medium, although this ability may not be detectable if the qgar concentration is excessive (e. g., 2%) (24, 38) . The strains of Fibrobacter succinagenes subsp. elongata which have been tested have an absolute requirement for p-aminobenzoic acid (PABA) (6, 27), whereas the coccoid strains do not; however, strain S85T has shown a transient requirement for PABA gn at least three occasions (6; Montgomery, unpublished data; H. R. Mansfield and L. Montgomery, unpublished data) . The cells of the cecal isolates are slender rods and also require PABA. The biotin requirement correlates well with the inferred phylogeny, whereas the PABA requirement and morphology do not. It was previously observed that strains NWT and REH9-1 were more different from one another in guanine-plus-cytasine ((3 +C) content than either was from strain S S T , despite their morphological similarity (27) .
In some instances, it may be difficult to identify Fibrobacter isolates to the species level. Determination of vitamin requirements is laborious, and great care is necessary to avoid artifacts (e.g., from contamination of stoppers) (27) . Molecular characterization is the least ambiguous method. Sequencing of 16s rRNA provides unambiguous species identification, but is not currently practical for most laboratories. The sequence data used to generate the phylogenetic tree have been used to design oligonucleotide probes able to separately quantify cells of Fibrobacter succinogenes subsp. succinogenes and Fibrobacter intestinalis in rumen contents (37) . Data are now available to design a probe for Fibrobacter succinogenes subsp. elongata. Therefore, it will be possible to use oligonucleotide probes to dieerentiate members of all three subgroups in the genus Fibrobacter. Additional differential phenotypic attributes, such as protein fingerprints determined by electrophoresis, may be developed to facilitate species identification. This approach has on fiber). Obligately anaerobic, gram-negative, nonsporing rods or pleomorphic ovoid cells that are not detectably motile, notwithstanding their apparent migration through agar medium. Ferment a narrow range of carbohydrates, including cellulose and cellobiose. The major fermentation products are succinic and acetic acids, sometimes with a small amount of formic acid. The cells require carbon dioxide, straight-chain and branched-chain saturated fatty acids, and one or more vitamins; ammonia is essential as the nitrogen source. In the strains tested, sphingophospholipids are absent (26) , and isoacids are a minor part of the fatty acids (19) ; ethanolamine plasmologen constitutes a majority of the phospholipid (41) . Distinct from other organisms tested based on 16s rRNA sequence homology data. The G+C content is 45 to 51 mol% (27) ( Table 3) . Habitats include mammalian gastrointestinal tracts. The only species known at this time are Fibrobacter succinogenes and Fibrobacter intestinalis. Other members of Fibrobacter may be isolated with characteristics which differ from currently known strains, thus requiring emendation of the present description. The members of the genus Fibrobacter can be distinguished from members of other genera of anaerobic, immotile, gram-negative rods (and coccoid organisms) by their ability to digest cellulose with succinic and acetic acids as the primary fermentation products ( L. n. acidum succinicum, succinic acid; Gr. v. gennaio, produce; M. L. adj. succinogenes, succinic acid producing) cells are rod shaped (0.3 to 0.5 by 0.8 to 2.0 km) with slightly tapered ends or coccoid (often lemon shaped) (0.8 to 1.6 by 0.9 to 1.6 pm). Spheroplasts form after growth ceases. Colonies in cellobiose agar are lenticular, translucent, and honey brown when they are examined by transmitted light; some strains produce yellow pigment (5). The rods form clearings in cellulose agar if the agar concentration is sufficiently low (27), but the coccoid strains do so poorly (27), unless they are cultured with a motile organism such as Treponema bryantii (20, 38) . Broth cultures are evenly turbid, forming a smooth sediment. All of the strains tested require biotin; PABA is required or stimulatory. The G+C content is 48 to 51 mol% (27). Habitats include rumina and, probably, intestines. The type strain is strain S85 (= ATCC 19169), which is described in reference 8 and Table 3 . Fibrobacter succinogenes subsp. succinogenes includes the coccoid strains, which do not consistently require PABA but may be stimulated by it. Fibrobacter succinogenes subsp. efongata (e.lon.gata L. fem. part. adj. elongata, elongated) includes the strains with slender, rod-shaped cells (see reference 27 for photomicrographs); PABA is required. The type strain is strain HM2 (= ATCC 43856). The G+C content is 45 mol%. Habitats include mammalian intestines and rumina. The type strain is strain NR9 (= ATCC 43854), which is described in reference 27 and Table  3. 
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